Brief Reports are accounts of completed research which, while meeting the usual Physical Review standards of scientific quality, do not~arrant regular articles. A Brief Report may be no longer than four printed pages and must be accompanied by an abstract. The same publication schedule as for regular articles is folio~ed, and page proofs are sent to authors. The structure of amorphous silicon (u-Si) is generally believed to be a continuous random network with Si atoms being fourfold coordinated and covalently bonded. The well known point defects in a-Si are dangling and Aoating bonds, which are unique in amorphous materials only. The dangling (undercoordinated) bonds are considered to give rise to the deep localized gap states, which act as the traps in the electrical conductivity and the nonradiative recombination centers in the optical properties, whereas the floating (overcoordinated) bonds lead to less localized gap states. However, the experimental observation that the structural relaxation in irradiated a-Si is very similar to the annealing of point defects in crystalline silicon (c-Si) (Ref.
The electronic structures of vacancies in amorphous silicon are studied by a tight-binding totalenergy-minimization scheme. The most salient feature in the electronic structure is that deep gap states originating from the vacancies disappear in amorphous silicon while sustaining the vacant volume in most cases, unlike the vacancies in crystalline silicon. The origin of the disappearance of the deep gap states is explained by the relaxation of the neighboring atoms near the vacancy to enhance the strong p bonding character which gives large bonding-antibonding splitting, and sp + p bonding character where p states mostly contribute to the conduction bands.
The structure of amorphous silicon (u-Si) is generally believed to be a continuous random network with Si atoms being fourfold coordinated and covalently bonded. The well known point defects in a-Si are dangling and Aoating bonds, which are unique in amorphous materials only. The dangling (undercoordinated) bonds are considered to give rise to the deep localized gap states, which act as the traps in the electrical conductivity and the nonradiative recombination centers in the optical properties, whereas the floating (overcoordinated) bonds lead to less localized gap states. However, the experimental observation that the structural relaxation in irradiated a-Si is very similar to the annealing of point defects in crystalline silicon (c-Si) (Ref. 3) has raised the question of the existence of similar point defects in a-Si. The Mossbauer spectroscopy demonstrated that the point defects analogous to the crystal vacancy exist in the a-Si structure.
The subsequent molecular dynamics (MD) simulational study using classical potential suggests that the vacancy in a-Si can be annihilated at room temperature, supporting the experimental observation of the annealing of the point defects. Presuming the existence of vacancies in the a-Si from such studies, the next question is as follows: What are the difFerences and similarities between vacancies of a-Si and those of c-Si? The vacancy can be considered as an agglomeration of four dangling bonds pointing toward the vacancy center. However, there is no guarantee that the vacancy in a-Si has the same physical properties as those in c-Si and even the dangling bonds in a-Si. We find that the most significant difference is that the vacancies in a-Si do not contribute to the In order to investigate the physical properties of defects in a-Si, one needs to take (i) a large a-Si network to minimize the interactions between the defects and (ii) a completely fourfold-coordinated random network, which can easily be tuned to investigate the effects &om the chosen defects exclusively. We adopt a fourfold-coordinated random network with 216 Si atoms generated by Wooten, Winer, and Weaire (WWW) (Ref. 11), which describe well the structure factor of a-Si &om the neutron scattering experiment. This network has fourfold covalent bonding locally but no long range order. The bond lengths and the bond angles are deviated &om the tetrahedral structure. The average bond length is 2.37 A. and the bond angle is 109.5 + 11'. To see how well our theoretical approach works at reproducing the EDOS, we calculate the EDOS of c-Si and the WWW a-Si network. The EDOS of c-Si from our TB total energy scheme is in excellent agreement with the first principles calculations as shown in Fig. 1(a) . The EDOS Rom the WWW a Si network also agree well with experiment.
Since the GSP TB total-energy scheme reproduces well the universal binding energy curves of various c-Si phases from the first principles calculations, we believe that our theoretical approach can describe well not only the EDOS but also the general physical properties of a-Si. Although the conduction band is not well described by our model, the existence (or disappearance) of the gap states can still clearly be identified. The WWW model does not show When a defect is created in a crystal, the relaxation of neighboring atoms around the defect occurs so as to lower the total energy. This relaxation occurs toward a prevalent direction between the tendencies of (i) preserving symmetry of the system and (ii) lowering the symmetry of the system (Jahn-Teller distortion). The electronic interaction energy depends on, not only the relative distances, but also the relative angles between neighbors. The electronic structure of the neighboring atoms near the vacancy can be determined &om the bond angles between backbonded atoms.
In c-Si without defect, the bond angles are 109. In the a-Si network with vacancy, no high symmetry exists in the network, unlike the c-Si and, therefore, no Jahn-Teller distortion has occurred. Instead, the relaxation occurs toward a direction of recovering the symmetry. The bond angles of neighboring atoms near the vacancy, after relaxation, change to a direction of (i) decreasing the bond angles (type I) and (ii) increasing the bond angles (type II). In the Vill site, the bond angles of atom 106 with backbonded atoms decrease an average of 7' after relaxation (type I). To see the effect of relaxation of bond angles, we calculate the local density of states (LDOS), which can be calculated by projecting the EDOS to each specification. As shown in Fig. 4(a) Fig. 4 Fig. 4(c) . The bond angles of atom 108 with backbonded atoms are increased by 8' after relaxation (type II), which contributes to the conduction bands, as shown in Fig. 4(d) . The peak position with the energy gap of the LDOS before relaxation depends on the average bond angles with backbonded atoms. If the bond angle is greater than 109.5, the peak position resides near the conduction band. If it is less than 109.5, the peak resides near the valence band. The larger deviation from the tetrahedral angle (109.5 ) shifts the peak position closer to each band. For instance, the atom 106 of the V111 site has a smaller angle by 4 in average, compared to 109.5 . We, therefore, see the peak position near the valence band as seen in Fig. 4(a) . On the other hand, the atom 138 of V137 site has a larger angle by 2 in average and, hence, we see the peak position near the conduction band. Table I shows the summary of two types of relaxations.
The existence of two types of bond angle relaxations observed in a-Si with the vacancy is similar to the formation of an asymmetric dimerization on Si (001) 
